Recent automated applanation tonometry can measure radial pulse wave-derived central blood pressure (CBP), which has shown a prognostic value independently of peripheral blood pressure. However, CBP's clinical significance has not been fully established. We examined the associations between CBP and cardiac structure and function by comparing them with those of arterial stiffness assessed by cardio-ankle vascular index (CAVI) in treated hypertensive patients. Enrolled in the study were 102 patients (71 ± 7 years) with treated hypertension. The transmitral early-to-atrial velocity ratio (E/A), peak systolic (S¢), early diastolic (E¢) mitral annular velocities and the Tei index were measured as indexes of cardiac function derived from conventional and tissue Doppler echocardiography. Left ventricular mass index (LVMI) was measured as an index of LV hypertrophy. CBP and CAVI were measured just after echocardiographic examination. CBP, but not CAVI, correlated with LVMI (r¼0.306, Po0.01). Although CBP correlated only with the Tei index (r¼0.201, Po0.05), CAVI correlated with E/A (r¼À0.387, Po0.001), S¢ (r¼À0.270, Po0.01), E¢ (r¼À0.362, Po0.01) and the Tei index (r¼0.339, Po0.01). Stepwise regression analysis revealed that neither CBP nor CAVI was independently associated with E/A, S¢ or E¢. However, CAVI, but not CBP, was independently associated with the Tei index (b coefficient¼0.311, Po0.001), reflecting both LV systolic and diastolic function. In conclusion, CBP may be suitable for detecting LV hypertrophy. In contrast, CAVI may be suitable for detecting LV dysfunction. This difference, suggesting the clinical value of each parameter, should be kept in mind when we use CBP and CAVI for assessing arteriosclerosis in treated hypertension.
INTRODUCTION
It is well known that blood pressure management is important for the prevention of cardiovascular events. 1, 2 Brachial blood pressure, which is usually measured in clinical settings, is an essential parameter for the evaluation and management of blood pressure. On the other hand, central blood pressure (CBP), reflecting ascending aortic blood pressure, has also been important because its elevation induces coronary atherosclerosis. 3, 4 In addition, CBP is thought to reflect direct stress on the heart because it expresses the pressure-loading condition next to the heart compared with peripheral blood pressure. 5, 6 The large-scale ASCOT-CAFÉ study 7 reported that CBP may be a determinant of clinical outcomes and that brachial blood pressure is not always a good indicator of a drug's blood pressure-lowering effect on arterial hemodynamics (CAFÉ trial).
Recently, CBP has been evaluated noninvasively by mathematically transforming the radial artery pulse waveform to the aortic pulse waveform, 6, 8, 9 and it has been measured widely in clinical settings. However, the clinical significance of CBP, which can be measured easily by automated applanation tonometry, has not been fully elucidated. We hypothesize that CBP may reflect cardiac structure and function better than peripheral blood pressure and that it may show a better correlation with cardiac function compared with the cardio-ankle vascular index (CAVI), which has been an established marker of arterial stiffness from the aortic valve to the ankle. [10] [11] [12] In this study, we examined the associations between CBP and cardiac structure and function by comparing them with those of arterial stiffness assessed by CAVI in treated hypertensive patients.
METHODS

Subjects and protocol
The study subjects were 102 patients (62 males, 40 females; mean age, 71±7 years; range, 55-84 years) who had been diagnosed with hypertension at Kagawa University Hospital and who had regularly visited the outpatient clinic from April 2008 through March 2009. Hypertension was defined as systolic blood pressure X140 mm Hg and/or diastolic blood pressure X90 mm Hg. Blood pressure was determined using the conventional cuff method. All patients were treated with at least one antihypertensive drug. For at least 1 year during their enrollment in this study, the antihypertensive drugs did not change for any patients. Patients with a history of heart failure or obvious heart disease were excluded. None of the patients had a history of atherosclerotic cardiovascular disease or stroke. Echocardiographic examinations were performed to assess cardiac structural changes and cardiac function. CAVI and CBP were measured just after echocardiographic examination. Blood samples were taken in the morning after a 12-h overnight fast. Plasma total cholesterol, triglyceride, high-density lipoprotein cholesterol (HDL-C), serum creatinine, hemoglobin and HbA1c were measured by standard laboratory techniques. The estimated glomerular filtration rate (eGFR) was obtained from the equation for Japanese patients, recently proposed by a working group of the Japanese Chronic Kidney Disease Initiative. 13 Relationships between echocardiographic parameters and various clinical characteristics, including blood pressure, CAVI and laboratory data were analyzed. This protocol was approved by the Ethics Committee of Kagawa University. Informed consent was obtained from all participants.
Echocardiographic examination
Two-dimensional and M-mode echocardiography were performed using the Vivid Seven System (GE; Horten, Norway). We first measured the following left ventricular (LV) structural parameters by M-mode echocardiography: ventricular septal thickness (VS) at the chordae tendineae level, LV end-diastolic dimension (LVDd) and LV end-systolic dimension (LVDs) at the chordae tendineae level, LV posterior wall (PW) thickness at the chordae tendineae level, the end-systolic dimension of the left atrium (LAD) and the dimension of the ascending aorta (AO). The LV mass was calculated according to the American Society of Echocardiography convention 14 using the following formula: LV mass¼0.80Â1.04Â[(PW+VS+LVDd) 3 -(LVDd) 3 ]+0.6. The LV mass index (LVMI) was calculated as the LV mass divided by the body surface area. The LV ejection fraction (LVEF) was estimated by Teichholz's method 15 and was used as the parameter of LV systolic function. In addition, we assessed the magnitude of aortic regurgitation (AR) by measuring the maximal area of the AR jet on color Doppler echocardiograms from the parasternal view. The maximal area of the AR jet was measured by tracing the jet area on a twodimensional image when the largest jet during the diastolic phase was observed.
We next measured the parameters of LV diastolic function by recording the transmitral flow velocity using conventional Doppler echocardiography, which measures blood flow velocities in the cardiac cavity. 16, 17 The transmitral flow velocity was recorded from the apical transducer position with the sample volume situated between the mitral leaflet tips. The peak velocity of early transmitral flow velocity (E velocity) and the peak velocity of late transmitral flow velocity (A velocity) were recorded, and the E/A ratio was calculated. The deceleration time of E velocity (DcT) was measured as the time interval from the E-wave peak to the decline of the velocity to baseline values.
In addition, we measured the Tei index, which reflects both systolic and diastolic functions of the LV. 18 Details of the method for measuring the Tei index have been published by Tei et al. 19 The Tei index, defined as the sum of the isovolumic contraction time and isovolumic relaxation time divided by the ejection time, was obtained from Doppler recordings of LV inflow and outflow. The Tei index is derived as (a-b)/b, where 'a' is the interval between the cessation and onset of mitral inflow and 'b' is the ejection time of LV outflow. In measuring 'a' and 'b' , we confirmed that the preceding RR intervals were the same in each patient.
Furthermore, tissue Doppler echocardiography, which measures the velocities of the regional cardiac wall, was performed by activating the tissue Doppler echocardiographic function in the same machine. Mitral annular velocities were recorded from the apical window. Sample volumes were located at the septal site of the mitral annulus. Peak early diastolic mitral annular velocity (E¢) and the ratio of E velocity to E¢ velocity (E/E¢) were measured and analyzed as parameters of LV diastolic function. 20, 21 Furthermore, peak systolic mitral annular velocity (S¢) was measured and was used as a parameter of LV systolic function. 22, 23 Measurement of CAVI and CBP All measurements were conducted in a quiet room kept at a constant temperature. CAVI was recorded using a VaseraVS-1000 vascular screening system (Fukuda Denshi, Tokyo, Japan) with the patient resting in a supine position just after the echocardiographic examination. CAVI is clinically used as a parameter reflecting the stiffness of arteries from the aortic valve to the ankle. The principal underlying CAVI has been described. 24, 25 ECG electrodes were placed on both wrists, a microphone to detect heart sounds was placed on the sternum, and cuffs were wrapped around both arms and both ankles. After automatic measurements, the obtained data were analyzed using VSS-10 software (Fukuda Denshi), and the right and left CAVI values were calculated. The averages of the right and left CAVIs were used for analysis.
After the CAVI recording, the brachial blood pressure, CBP and the augmentation index were determined with the patient in the sitting position. The radial pulse wave was recorded by using automated applanation tonometry (HEM-9000AI, Omron Healthcare, Kyoto, Japan). Briefly, the device consists of three units: a sensor unit, a pulse measurement unit and a personal computer. 8 The wristwatch-shaped sensor unit has a pressure sensor with an array of multiple 40-microtransducer elements on its inner surface. Once the sensor is placed on the left wrist over the radial artery, the device automatically flattens the artery, adjusts the applanation hold-down pressure, and selects an optimal sensing element to record the pulse wave appropriately. The obtained pressure signals are digitized at 500 Hz inside the pulse measurement unit and then transmitted to a personal computer. Continuous steady-state 40-s data were recorded for each patient. According to earlier studies, 6,9 the amplitude of the late systolic peak of the pulse waveform correlates with CBP. Thus, the CBP can be determined noninvasively by mathematically transforming the radial artery pulse waveform to the aortic pulse waveform. In addition, the augmentation index was calculated as the ratio of the amplitude of the late systolic peak to the amplitude of the early systolic peak. The augmentation index depends not only on systemic arterial elasticity but also on arterial geometry and tone. 26, 27 In this study, the augmentation index was also used as a parameter reflecting arterial stiffness as well as CAVI. In addition, this machine can measure the brachial blood pressures simultaneously using the conventional cuff method. Thus, we calculated the difference between CBP and systolic brachial blood pressure (CBP-systolic brachial blood pressure) and used it as a parameter derived from the measurement of CBP for analysis.
Statistical analysis
Data are expressed as means±s.d. Statistical analysis was performed using the SPSS software package (SPSS, Chicago, IL, USA). Linear regression analysis was performed to evaluate the associations between CBP, CAVI and other variables. Stepwise multiple regression analysis was performed to determine the correlation between echocardiographic parameters and each independent variable. Values of Po0.05 were considered to indicate statistical significance. Differences in parameters among the three groups treated with different antihypertensive agents were compared by one-way analysis of variance, followed by Bonferroni's post hoc test.
RESULTS
Clinical and echocardiographic characteristics of subjects
The clinical and echocardiographic parameters of the study subjects are summarized in Table 1 . All patients were treated with at least one antihypertensive agent. The mean systolic brachial blood pressure of all subjects was not particularly high (138 ± 18 mm Hg) because all patients' blood pressure was appropriately controlled by medication. The mean LVEF was 71 ± 7%; all patients had normal systolic function (LVEFX55%). The elevated mean LVMI (117 ± 39 g m À2 ) indicated the presence of LV hypertrophy in the subjects overall. In addition, the decreased mean E/A (0.75±0.18) and E¢ (5.3±1.7 cm s À1 ) indicated LV diastolic dysfunction accompanying LV hypertrophy. The increased mean E/E¢ (11.0 ± 3.5) suggested an increase in left atrial pressure, which is a parameter of LV preload. 20, 21 The increased Tei index suggested impaired LV diastolic function, because the LV systolic function was thought to be preserved for all patients.
Association between CAVI and parameters derived from blood pressure measurement Linear regression analysis was performed to examine the relationship between CAVI and other parameters derived from blood pressure measurement in all subjects ( Table 2 ). The CAVI did not correlate with any parameters derived from blood pressure measurement. In contrast, CBP correlated with other parameters of blood pressure and showed the closest correlation with systolic brachial blood pressure (r¼0.693, Po0.001). The difference between central and systolic brachial blood pressure correlated with other parameters of blood pressure, and showed the closest correlation with the augmentation index (r¼0.868, Po0.001).
Comparison of CBP and CAVI in terms of their correlation with echocardiographic parameters Linear regression analysis was performed to examine the relationships between CBP, CAVI and other variables in all subjects ( In contrast, the CAVI did not correlate with LVMI. However, the CAVI correlated with E/A (r¼À0.387, Po0.001), S¢ (r¼À0.270, Po0.01), E¢ (r¼À0.362 Po0.01) and the Tei index (r¼0.339, Po0.01), and these correlations were closer than those of the parameters derived from blood pressure measurement.
Assessment of the factors related to echocardiographic LV functional and morphological parameters
Stepwise multiple regression analysis was performed to identify which clinical and pulse wave-derived parameters were independently associated with echocardiographic LV functional and morphological parameters (S¢, E¢, Tei index and LVMI), which showed significant correlations with CBP and CAVI in linear regression analysis. Stepwise multiple regression analysis was performed for systolic brachial blood pressure, CBP, the difference between central and systolic brachial blood pressure, augmentation index, CAVI, age, heart rate, BMI, total cholesterol, HDL-C, triglyceride, HbA1c, hemoglobin, eGFR, LVMI, LAD, AO, AR, LVEF, E/A, DcT and E/E¢; see Table 3 . This analysis indicated that E¢ (b coefficient¼0.631, Po0.001) and AR (b coefficient¼0.255, P¼0.001) were independently associated with S¢ (Table 4 ). E/E¢ (b coefficient¼À0.462, Po0.001), E/A (b coefficient¼0.383, Po0.001) and S¢ (b coefficient¼0.272, P¼0.001) were independently associated with E¢ (Table 5) (Table 6 ). AO (b coefficient¼0.330, P¼0.001) and Abbreviations: A, peak late diastolic transmitral flow; AI, augmentation index; AO, dimension of ascending aorta; AR, magnitude of aortic regurgitation jet; ARB, angiotensin II receptor blocker; BMI, body mass index; CAVI, cardio-ankle vascular index; CBP, central blood pressure; CBP-SBP, difference between central and systolic brachial blood pressure; CCB, calcium channel blocker; DBP, diastolic brachial blood pressure; DcT, deceleration time of early diastolic transmitral flow; E, peak early diastolic transmitral flow; E/A, the ratio of E to A; E/E¢, the ratio of E to E¢; E¢, peak early diastolic annular velocity; eGFR, estimated glomerular filtration rate; HT, hypertension; Hb, hemoglobin; HDL, high-density lipoprotein; HR, heart rate; LAD, left atrial dimension; LV, left ventricular; LVEF, left ventricular ejection fraction; LVMI, left ventricular mass index; S¢, peak systolic annular velocity; SBP, systolic brachial blood pressure. 
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CBP (b coefficient¼0.308, P¼0.001) were independently associated with the LVMI (Table 7) . Thus, among the pulse wave-derived parameters (systolic brachial blood pressure, CBP, difference between central and systolic brachial blood pressure, augmentation index and CAVI), CAVI and the augmentation index were independently associated with the Tei index. In contrast, only CBP was independently associated with LVMI.
DISCUSSION
This study compares CBP and CAVI data to identify the associations between echocardiographic LV structural and functional parameters in treated hypertensive patients. The data led us to the following conclusions: (1) neither the CBP nor the augmentation index correlated with CAVI in patients with treated hypertension; (2) CBP, but not CAVI, correlated with LVMI in patients with treated hypertension and (3) CAVI showed closer correlations than CBP with LV functional parameters. Our analysis suggests that although CBP may be superior to CAVI for reflecting LV hypertrophy, CAVI may be superior to CBP for reflecting LV functional parameters. Therefore, CBP may be suitable for detecting LV hypertrophy. In contrast, CAVI may be suitable for detecting LV dysfunction. This difference, suggesting the clinical value of each parameter, should be kept in mind when we use CBP and CAVI for assessing arteriosclerosis in hypertensive patients.
When we initiated this study, we expected that increased CBP would lead to dilation of the ascending aorta and AR in hypertensive patients, because CBP was thought to reflect a direct afterload of the left ventricle. However, in our results, neither CBP nor the Abbreviations: AR, magnitude of aortic regurgitation jet; E¢, peak early diastolic annular velocity; S¢, peak systolic annular velocity. Abbreviations: A, peak late diastolic transmitral flow; E, peak early diastolic transmitral flow; E/A, the ratio of E to A; E¢, peak early diastolic annular velocity; E/E¢, the ratio of E to E¢; S¢, peak systolic annular velocity. Comparison of central blood pressure and CAVI H Masugata et al augmentation index correlated with the diameter of the ascending aorta or the magnitude of AR. As the patients' blood pressure was under good control when this study was performed, decreased afterload of the left ventricle may have changed the magnitude of AR. However, the magnitude of AR was independently associated with the Tei index (Table 6 ). The magnitude of AR was mild for all patients in this study, and patients with more than moderate AR were excluded. Therefore, latent LV dysfunction that was detected by an increased Tei index may have been produced by hypertension rather than AR itself. As AR is hardly observed in normal subjects, this relationship between the Tei index and AR may be observed only in patients with treated hypertension.
In this study, S¢ showed closer correlations than LVEF with CBP-SBP, AI and CAVI (Table 3) . LVEF derived from M-mode echocardiography represents LV systolic function in the direction of the horizontal axis of heart. In contrast, S¢ derived from tissue Doppler echocardiography represents longitudinal LV systolic function. Although both S¢ and LVEF reflect LV systolic function, S¢ may be more sensitive than LVEF for detecting latent LV dysfunction in treated hypertensive patients. As arterial stiffness assessed by CAVI reflects LV afterload, hypertensive patients with increased CAVI may be affected by increased LV afterload during cardiac systolic phase. This may be a reason why LV systolic functional parameters such as S¢ and LVEF correlated inversely with CAVI (Table 3) . Although an earlier study 28 reported that LVEF did not correlate with CAVI, another earlier report reported that S¢ correlated inversely with LV afterload assessed by tissue Doppler echocardiography. 29 Further studies are needed to elucidate the relationships between LV systolic function and CAVI.
Our results can provide new information regarding how to use CBP in a clinical setting. In this study, the absolute value of CBP showed a correlation, albeit a weak one, only with Tei index among the LV functional parameters. However, the difference between central and systolic brachial blood pressure showed significantly closer correlations with the LV functional parameters. Therefore, LV diastolic dysfunction cannot be assessed by the absolute value of CBP. The difference between central and systolic brachial blood pressure may reflect LV dysfunction. The augmentation index, which correlates well with the difference between the central and systolic brachial blood pressure, may also reflect LV dysfunction. In any case, the parameters related to CBP may be inferior to CAVI in reflecting LV function. This finding may be attributed to the fact that CBP was measured only at the radial artery on the left side. In contrast, CAVI was measured on both sides and was thought to reflect the stiffness of long arteries from the aortic valve to the ankle. The difference in the extent of measured arteries may have led to the difference between CBP and CAVI in this study. This may be a reason why CAVI did not correlate with CBP or the augmentation index (Table 2 ). This is reasonable because CAVI is thought to be less influenced by blood pressure 11, 12 compared with other pulse wave-derived parameters. However, an earlier study 30 showed that the augmentation index reflected arterial stiffness and LV hypertrophy. Although CAVI and CBP differ to some degree, close correlations might be observed in other study populations. Further studies are needed to elucidate the associations between CAVI, CBP and the augmentation index.
When we assess the association between arteriosclerosis and LV function, the state of cardiac function of the study participants should be considered. In this study, the mean values of cardiothoracic ratio in chest radiograph, LV end-diastolic diameter, LVEF and LV mass index were 50 ± 2.5%, 46 ± 6 mm, 71 ± 7% and 117 ± 39 g m À2 , respectively. The mean value of plasma brain natriuretic peptide level of the 63 patients for whom we were able to measure this value was 33.1 ± 26.0 pg ml À1 . The Tei index was 0.58 ± 0.16. These data suggest that the patients of this study have mild LV hypertrophy without dilation of the LV cavity. The LV systolic function is preserved, and the increased Tei index may be mainly attributed to the LV diastolic dysfunction, which leads to the slightly increased plasma brain natriuretic peptide level. Therefore, other study populations with more severe LV dysfunction may yield different results from ours. Our data showed that CAVI has a correlation with only the Tei index among the parameters of LV function after stepwise regression analysis. However, earlier reports 31, 32 suggest that brachial ankle pulse wave velocity has a correlation with several LV diastolic functional parameters such as E/A ratio, even after stepwise regression analysis. A recent report 33 suggests that brachial ankle pulse wave velocity is an early indicator of LV dysfunction. Further studies are needed to assess the association between arteriosclerosis and LV function in study subjects with various degrees of LV dysfunction.
As antihypertensive agents that were administered to the patients may have affected the arteriosclerosis and LV function in this study, we compared the variables among three groups that were treated with angiotensin II receptor blocker alone (n¼48), calcium channel blocker (CCB) alone (n¼39) and both angiotensin II receptor blocker and CCB (n¼15) ( Table 8 ). No differences in parameters of arteriosclerosis and LV function were observed among the three groups. However, it is difficult to determine the drugs' effects in this study because of the small number of study subjects. Further studies with larger numbers of subjects treated with various antihypertensive agents are needed.
Among the LV functional parameters in this study, only the Tei index was independently associated with CAVI and the augmentation index. It is well known that aging has less influence on the Tei index than on LV functional parameters including E/A and E¢. 34 Actually, Tei index did not correlate with age (r¼0.163, P¼0.102) in this study. CAVI and the augmentation index correlated closely with age (Table 3) . Therefore, only the Tei index among the LV functional parameters may have been independently associated with CAVI and the augmentation index. We cannot determine the precise mechanism by which LV function assessed by Tei index correlates with arterial stiffness assessed by CAVI. One possible explanation is that arterial and LV stiffening may be epiphenomena accompanied by aging and hypertension. Advanced glycation end products have been reported to deteriorate arterial stiffness and LV diastolic function by cross-linking long-lived proteins, such as collagen and elastin, and altering cellular responses in the tissue. 35 The similarity of histological changes in the myocardium and arterial wall may contribute to the correlation between CAVI and LV function assessed by Tei index. Our data indicate that the Tei index may be more useful than other LV functional parameters for comparing cardiac function among hypertensive patients of various age strata. However, we examined the associations between CBP, CAVI and echocardiographic data in treated hypertensive patients whose blood pressure was well controlled. As treatment for hypertension may have improved cardiovascular structure and function, abnormalities that should have been detected by CBP may have been concealed in this study. Actually, CBP did not correlate with LV diastolic functional parameters, even though CBP correlated with LVMI. As treatment for hypertension may have improved LV diastolic function, LV diastolic dysfunction may have not been detected by CBP in this study. Further studies are needed to assess the clinical usefulness of CBP in untreated hypertensive patients or in patients with considerably high blood pressure. CAVI and AI had negative correlations with BMI when linear regression analysis was performed (Table 3) in this study. In this study, considerable old age
Comparison of central blood pressure and CAVI H Masugata et al participants (X80 years of age) with high values of CAVI and AI were thin hypertensive patients having low BMI values. This fact may be a reason why CAVI and AI had negative correlations with BMI. However, BMI was not selected as independent determinants of LV structural and functional parameters when stepwise multiple regression analysis was performed (Tables 4, 5, 6 and 7) . Therefore, we consider that the characteristic of BMI of the participants had no influences on the conclusion of this study.
In conclusion, CBP may be suitable for detecting LV hypertrophy. In contrast, CAVI may be suitable for detecting LV dysfunction. This difference, suggesting the clinical value of each parameter, should be kept in mind when we use CBP and CAVI for assessing arteriosclerosis in treated hypertension. Table 8 Comparison of variables among three groups treated with ARB alone, CCB alone and both ARB and CCB
